The partial structure factors pertaining to DNA-DNA, DNA-polyamine, and polyaminepolyamine density correlations in DNA fragment ͑contour length 54 nm͒ solutions have been measured with small angle neutron scattering and contrast matching in water. The effect of the polyamines putrescine and spermidine on the DNA molecular structure is gauged from the limiting behavior of the DNA-DNA partial structure factor at high values of momentum transfer. The double layer structure and the extent to which the polyamines can approach the DNA are derived from the DNA-polyamine and polyamine-polyamine partial structure factors. For this purpose, the structure factors are interpreted with the correlation functions derived from the classical PoissonBoltzmann and the modified Poisson-Boltzmann equations and/or Monte Carlo simulation. For simple salt free DNA with tetramethylammonium or putrescine counterions, spatial fluctuations in the charge density are discussed in terms of the charge structure factor. The structural arrangement of putrescine and spermidine can be fully rationalized in terms of their valence. In the case of spermidine, it is necessary to include ionic correlation effects, but this could be accomplished by modeling the ligands as hard spheres. The polyamines have no detectable effect on the DNA molecular structure and are too large to penetrate the grooves to any significant extent. These results imply that DNA condensation in the presence of polyamines is largely governed by electrostatic interactions, rather than by the binding of the multivalent cation per se.
I. INTRODUCTION
In biological systems, DNA is often very tightly packed with concentrations up to 400 mg/ml. The structural organization is largely unknown, but bears some resemblance to condensed DNA phases observed in vitro. Model systems that can produce condensed DNA phases are of great interest for understanding the mechanisms involved in vivo. An important experimental approach is DNA condensation induced by condensing agents, e.g., polyamines of valence 3 or greater, polypeptides, and/or proteins. 1, 2 Polyamines are found in all bacteria and most animal cells. They are growth factors and they serve to stabilize the structure of membranes, ribosomes, and some viruses. 3 Although much work has been done to elucidate the mechanisms involved in stabilizing the condensed state, the structural arrangement of the condensing agents near DNA is not clear. 2, 4, 5 Detailed structural information can be inferred from small angle neutron ͑SANS͒ or x-ray ͑SAXS͒ scattering. The scattering is sensitive to the set of spatial Fourier transforms of the solute density correlation functions, i.e., the partial structure factors. 6 Chen and co-workers have investigated the distribution of heavy metal Cs ϩ and Tl ϩ about DNA and cylindrical micelles with SAXS. [7] [8] [9] Recently, similar experiments were reported for I Ϫ counterions around a cationic polyelectrolyte with a rodlike poly͑p-phenylene͒ backbone.
variation to blank or highlight certain components in a complex mixture of DNA, solvent, counter-and co-ions, and ligands. SANS methods based on variation of the isotopic composition of the solvent have made it possible to determine individual polyion-polyion, polyion-counterion, and counterion-counterion partial structure factors in solutions of mononucleosomal DNA fragments and poly͑styrene-sulfonic acid͒ with tetramethylammonium (TMA ϩ ) counterions. [11] [12] [13] [14] It was seen that by optimizing some of the geometric parameters, the classical PB or modified PoissonBoltzmann ͑MPB͒ theory gives a good description of the structure. [15] [16] [17] In the present contribution these investigations are extended to DNA fragments ͑157 base pair͒ with multivalent polyamine counterions.
We have used the linear polyamines putrescine (Pu 2ϩ ): Note that the polyamines are in the protonated charged state, with the charges localized at the nitrogen positions. Putrescine is soluble at all ligand/DNA ratios, whereas spermidine induces condensation if its charge fraction exceeds a certain critical fraction of the total DNA charge. Simple salt free Pu-DNA 2 was prepared by exchanging the monovalent counterions for Pu 2ϩ . This counterion exchange procedure is not possible with spermidine and, instead, we have prepared Na-DNA solutions with added SpCl 3 salt in 5:1 molar ratio. In the latter solutions, the sodium and chloride ions do not contribute to the scattering to any significant degree because of negligible scattering length contrast. Accordingly, for both Pu-DNA 2 and Na-DNA/SpCl 3 solutions, the scattered intensities are sensitive to correlations among the DNA and polyamine densities only.
For DNA, the linear charge density is so high that most counterions are confined to the immediate vicinity of the polyion and concentration fluctuations are expected to have little impact on the radial counterion densities. The central hypothesis in our experimental approach is the neglect of influence on the double layer structure due to fluctuations in inter-DNA separation and orientation. With this hypothesis, the DNA-DNA, polyamine-polyamine, and DNApolyamine partial structure factors should satisfy certain conditions.
14 Explicit use of these conditions in the data analysis procedure results in improved statistical accuracy in the structure factors. It will be shown in this work that this conjecture holds and that information on the counterion distribution can be obtained without considering the interactions between double layers pertaining to different DNA fragments. The effect of polyamines on the DNA molecular structure is gauged from a comparison of the DNA structure factor with the high q limiting form of the form function of a rod with a finite cross-sectional radius of gyration. The double layer structure and the extent to which the polyamines can approach the DNA are derived from the DNA-counterion and counterion-counterion partial structure factors. For this purpose, the latter structure factors are interpreted with the radial counterion profiles obtained from the PB, MPB equations, and/or Monte Carlo ͑MC͒ simulation. [18] [19] [20] Earlier works indicate that for multivalent counterions ionic correlation effects on the double layer formation are significant. 19, 20 Finally, for simple salt free DNA, spatial fluctuations in the charge density are discussed in terms of the charge structure factor.
II. THEORY

A. Scattering
For a three component system, the coherent part of the solvent corrected SANS intensity reads
with L the DNA concentration. The number of nucleotide monomer ͑m͒ and counterions ͑c͒ per DNA fragment are denoted by N m and N c with macroscopic concentrations m ϭN m L and c ϭN c L , respectively. In the absence of inter-DNA interactions, the partial structure factors S i j are normalized to unity at qϭ0. 21 In an H 2 O/D 2 O solvent mixture, the scattering length contrast is given by
with X the D 2 O mole fraction. The solute (iϭm,c) and solvent ͑s͒ have scattering lengths b i and b s and partial molar volumes v i and v s , respectively. The partial structure factors S i j are the spatial Fourier transforms of the solute density correlation functions
͑3͒
In our experiments, the partial structure factors are obtained from the intensities by contrast variation in water, i.e., by adjusting the solvent scattering length b s . The partial structure factors can be further evaluated theoretically from the density correlation functions derived from the cell model.
B. Cell model
For cylindrical polyelectrolytes, a self-consistent charge distribution can be obtained using the cell model and the solution of the PB, MPB equations, and/or MC simulations. 15, 16, [18] [19] [20] The requirement for applying the cell model is that the DNA chain is locally rodlike over a length far exceeding the double layer thickness and bearing a sufficiently large number of charges. The fragment is assumed a uniformly charged rod with length L and is placed along the z axis of a coaxial cylinder of the same length L and radius r cell . The cell radius is determined by the nucleotide concentration m through m A r cell 2 ϭ1, with the longitudinal axis projected nucleotide repeat distance Aϭ0.171 nm. In the longitudinal direction ͑along the DNA axis͒, the nucleotide and counterion distributions are assumed uniform while per-pendicular to this axis, the corresponding densities are given by the radial concentration profiles m (r) and c (r), respectively.
Within the present range of momentum transfer (qL ӷ1) the scattering is sensitive to correlations over distances of the order of the double layer thickness and the effects of finite contour length and flexibility are negligible. In the cell model the effects of fluctuations in inter-DNA separation and orientation ͑i.e., DNA density fluctuations and hence fluctuations in cell radius͒ on the double layer structure are neglected. It is shown in the Appendix that with this assumption the partial structure factors can be expressed as a product of terms involving the radial profiles and a term related to the polymer structure
with the cylindrical Fourier ͑Hankel͒ transformation of the radial profile
and J 0 denotes the zero order Bessel function of the first kind. The polymer term S describes the ͑inter-and intramolecular͒ structure of an equivalent solution, but for rods with vanishing cross-section ͓see Eq. ͑A5͔͒. For sufficiently high values of momentum transfer and/or low DNA concentration, inter-DNA correlations are insignificant and S reduces to the form function of a rigid rod. Accordingly, the high q limiting form of the single-cell partial structure factor takes the form
For lower values of momentum transfer and/or higher DNA density, correlations between different cell volumes become progressively more important and the experimental data deviate from the single cell calculations. However, the polymer term S ͑and, hence, inter-DNA interference͒ can be eliminated by taking the ratio of the nucleotide-counterion S mc and nucleotide monomer S mm structure factor:
From the full set of partial structure factors information on the radial counterion density profile can be obtained, without a model of interchain correlations. Furthermore, for qLӷ1 the scattering is dominated by configurations in which the momentum transfer is oriented perpendicular to the DNA molecule (ϭ0, see the Appendix͒ and, hence, any charge ordering along the DNA is difficult to detect. In the derivation of Eq. ͑4͒ small ion density fluctuations are neglected. These fluctuations give an additional scattering contribution to the counterion structure factor S cc only. The cross term S mc ͓and, hence, the ratio in Eq. ͑7͔͒ is unaffected due to the heterodyne interference between the amplitudes scattered by the DNA and the counterions. For highly charged polyelectrolytes, the additional scattering contribution has not been evaluated yet, but it is expected to be modest in comparison with the pronounced contribution due to the average profile.
C. Radial profiles
The transform Eq. ͑5͒ can be further evaluated using analytical expressions of the radial densities. If the radial DNA density is assumed to be uniform for 0рrрr p and given by m (r)r p 2 ϭ1 and zero for rϾr p , with r p the DNA radius, one obtains
with J 1 the first order Bessel function of the first kind. The DNA cross section might also be described by a Gaussian radial density profile with second moment ͗r 2 ͘ϭr p 2 /2. In the present range of momentum transfer, the Hankel transform of such Gaussian profile is very similar to Eq. ͑8͒ and the radius r p can be interpreted as a cross-sectional radius of gyration of the DNA molecule.
The radial counterion density profile c (r) is obtained from the solution of the PB and MPB equations, and the MC simulations in the cylindrical cell model. 15, 16, [18] [19] [20] Apart from the cell radius, the structural parameters are the counterion radius, the distance of closest approach between the counterion center of mass and the DNA spine-axis r c , and the linear charge density parameter ϭQ/A, Q being the Bjerrum length ͓Qϭe 2 /(4 0 r k B T)͔. In the classical PB equation, the counterions are treated as pointlike particles and the effect of counterion radius is taken into account through the distance of closest approach. In the MPB and MC treatments, which include ionic correlation effects, the counterions are modeled as hard sphere ions ͑despite the fact that polyamines are linear molecules͒. The distance of the closest approach is not necessarily equal to the DNA radius r p ; rather, one expects a slightly larger value due to counterion size and intermediate hydration shell.
The classical PB equation for salt free solutions for a single species of counterions in the cell is solvable analytically, 15, 16 while more general cases with several species of simple ions require numerical solution for the dimensionless potential (r). We used fourth-and fifth-order Runge-Kutta formulas, and the counter-and co-ion concentrations at the cell boundary were optimized to satisfy the boundary conditions (r cell )ϭ0 and Ј(r c )ϭ2/r c , where the prime denotes differentiation with respect to the radial coordinate r. 22 The distance of closest approach, cell radius, and nucleotide ͑charge͒ repeat distance were fixed at their nominal values listed in Table I . For simple salt free solutions, the numerical results agree with the analytical solution for a single species counterion in the cell.
15,16
The MPB approach attempts to improve upon the PB treatment by incorporating the ionic correlation and exclusion volume effects. Details of the MPB equation for the cell model in cylindrical geometry have been described in Refs.
17, 19, and 20. Numerical solution of the MPB equation was obtained through a quasi-linearization iterative technique.
The same method applied to the PB equation gave identical results to that from the Runge-Kutta technique, which, in turn, coincided with the analytic solution in the case of salt free solutions with one species of counterions only. 15, 16 This served as a useful check on some of the numerics.
The MC simulations involved standard canonical metropolis algorithm. Again essentially the same procedure as described in Refs. 19 and 20 was adopted. In most cases, the length of the central simulation box corresponded to a polyion segment with 2ϫ10 2 -4ϫ10 2 monomer units. In a typical run around 8ϫ10 6 -10ϫ10 6 configurations were sampled of which 2ϫ10 6 -3ϫ10 6 configurations were used for equilibration.
The radial counterion profiles obtained from PB, MPB, and MC calculations are displayed in Fig. 1 . With increasing valence, the counterion concentration close to the DNA surface increases with a concurrent decrease for larger distances. For monovalent counterions, the three theoretical approaches give similar results, showing that the inclusion of ionic correlation effects does not change the profile to a significant degree. In the case of divalent and especially for trivalent counterions however, the more elaborate MPB and MC results are close together and show a stronger confinement in comparison with the classical PB approach. These results reinforce similar conclusions reached in earlier works. 19, 20 
III. EXPERIMENTAL SECTION
A. Solutions
DNA fragments were obtained by micrococcal nuclease digestion of calf thymus chromatin. 23 After precipitation in cold 2-propanol, the DNA pellet was dried under reduced pressure at room temperature. The DNA was brought to the salt free sodium form by dissolving it in a 50 mM NaCl, 24 mM EDTA buffer and extensive dialysis against water ͑pu-rified by a Millipore system with conductivity less than 1ϫ10
͒. To avoid denaturation, care was taken that the DNA concentration did not drop below 3ϫ10 Ϫ3 mole of nucleotides/dm 3 . The differential molecular weight distribution was monitored by size exclusion chromatography ͑SEC͒ with light scattering detection. 24 Further SEC fractionation resulted in a relatively monodisperse mononucleosomal DNA eluent fraction with weight average molecular weight M w ϭ104 000 ͑157 base pairs͒ and M w /M n ϭ1.14. The ratios of the optical absorbencies A 260 /A 280 ϭ1.91 and A 269 /A 270 ϭ1.21 indicate that the material is essentially free of protein and phenol, respectively. 25 DNA with Pu 2ϩ counterions was prepared by pouring a Na-DNA solution through a cation exchange resin ͑Biorad AG 50W X8͒. Atomic absorbance spectroscopy showed that the residual sodium content in Pu-DNA 2 ͑without salt͒ is less than 1%. The hypochromic effect at 260 nm exceeds 35%, which confirms the integrity of the double helix.
Concentrations were determined by weight, using the water content in the freeze-dried materials, and checked with UV spectroscopy. Four sets of samples were prepared. The first two sets were made with 0.1 and 0.05 mole nucleotide/dm 3 Pu-DNA 2 , respectively ͑i.e., without added simple salt͒. The second two sets contain mixtures of Na-DNA and SpCl 3 with nucleotide concentrations 0.1 and 0.05 M, respectively. In the latter two sets, the molar ratio between Na-DNA and SpCl 3 is fixed at 5 to 1. The ion concentrations are listed in Table II . For contrast variation, each set was prepared in 0, 33, 63, and 99 % D 2 O. The solvent compositions were determined by weight and checked with IR spectroscopy. Scattering length contrasts were calculated with Eq. ͑2͒ and the parameters in Table III and are collected  in Table IV . The DNA scattering length has been calculated using the values reported by Jacrot 26 Table I . 
B. Scattering
SANS experiments were done with the D11 and D22 diffractometers, situated on the cold source of the high neutron flux reactor at the Institute Max von Laue-Paul Langevin ͑ILL͒, Grenoble, France. The temperature was kept at 293 K. Sample sets I and III ͑see Table II͒ were measured with the D22 instrument in two different configurations. A wavelength of 0.7 nm was selected and the effective distances between the sample and the planar square multidetector ͑S-D distance͒ were 1.25 and 4 m, respectively. This allows for a momentum transfer range of 0.1-4.1 nm Ϫ1 . Sets II, III ͑duplicate measurement͒, and IV were collected with the D11 instrument in two different configurations. The wavelength was fixed at 0.5 nm and the detector was subsequently placed at 4 and 8 m from the sample position. These S-D distances allow for a momentum transfer range of 0.2-3.6 nm -1 . The counting times were approximately 2 h/sample, irrespective instrument and S-D distance. Data correction allowed for sample transmission and detector efficiency. The efficiency of the detector was taken into account with the scattering of H 2 O. Absolute intensities were obtained by reference to the attenuated direct beam and the scattering of the pure solvent with the same H 2 O/D 2 O composition was subtracted. Finally, the intensities were corrected for a small solute incoherent scattering contribution. From the duplicate measurements of sample set III, it was checked that the data collected with both instruments match.
The scattered intensities display an upturn at very low q values (qϽ0.2 nm Ϫ1 ͒. This upturn is more or less proportional to the D 2 O mole fraction and becomes very small ͑or disappears completely͒ in H 2 O. Similar behavior has been observed in synthetic poly͑styrenesulfonic acid͒ solutions, despite completely different contrast parameters. 12 Accordingly, the upturn is induced and/or amplified by the use of D 2 O and is not related to a solvent composition independent inhomogeneity in solution structure. The difference in the dielectric constants of light and heavy water is very small ͓ r ϭ80.4 and 79.8, respectively, at 293 K͔ and concomitant effects on the charge distribution are insignificant. A number of experimental parameters have been checked, such as D 2 O purity, cell path length, pulsed and reactor neutron sources, and different diffractometers, but a satisfactory explanation has not been offered. 11, 12, 14 For higher q values, the intensities comply with solvent composition independent structure factors. Accordingly, it is assumed that for qϾ0.2 nm Ϫ1 the data are not influenced by this effect. For qϾ3 nm Ϫ1 the intensities become very small of the order of the error margin 5ϫ10 Ϫ3 cm Ϫ1 .
IV. RESULTS AND DISCUSSION
A. Data analysis
For simple salt free solutions, all ions come from the DNA and there are three molecular components only: solvent, DNA nucleotide monomers, and counterions. The solvent is treated as a uniform background and a description of the structure thus requires three partial structure factors. In the case of Na-DNA solutions with added SpCl 3 , the salt gives two additional components and, now, the structure is given by 10 partial structure factors. The Cl Ϫ and Na ϩ ions do not contribute to the scattering to any significant degree, due to negligible scattering length contrast. Accordingly, for an analysis of scattering data, the Na-DNA/SpCl 3 solutions can be considered as three component systems as well. The counterions, which contribute to the scattering, are derived either from the DNA (Pu 2ϩ in salt free solutions͒ or from the salt (Sp 3ϩ in Na-DNA with added SpCl 3 ). The DNA-DNA, DNA-counterion, and counterioncounterion partial structure factors can be obtained from the scattered intensities of samples with different contrast length parameters. As an example, Fig. 2 displays the intensities of 0.05 M Pu-DNA 2 with contrast matching in the water. The other samples show similar behavior, except for the suppression of the correlation peak in the low q region in the presence of SpCl 3 ͑data not shown͒. Note that in 63% D 2 O solution DNA is blanked, and the scattering is directly proportional to the counterion structure factor. With four experimental intensities and three unknown partial structure factors per set, the data is overdetermined and the partial structure factors can be derived by orthogonal factorization in a least-squares sense ͑i.e., a three-parameter fit to four data points for every q value͒. For 0.05 M Pu-DNA 2 , the results are shown by the symbols in Fig. 3 . The statistical accuracy of the counterion-counterion structure factor is especially poor, due to the moderate Pu 2ϩ scattering length contrast ͑Table IV͒ and relatively low solute concentrations.
The accuracy of the derived partial structure factors can be improved with the assumption that the double layer struc- ture is invariant to DNA concentration fluctuations. In this case, the partial structure factors can be expressed as a product of terms involving the radial profiles and a term describing the polymer structure, but for rods with vanishing cross section ͓Eq. ͑4͔͒. In previous work, it was shown that for DNA with TMA ϩ counterions the structure factors ͑obtained from a three-parameter fit͒ indeed satisfy Eq. ͑4͒.
14 The polymer structure term S(q) is positive definite, due to the fact that it represents a scattered intensity ͑i.e., squared amplitude͒. Accordingly, with Eq. ͑4͒ the intensities Eq. ͑1͒ can be expressed in terms of two unknown factors u i (q) ϭS(q) 1/2 a i (q) rather than three partial structure factors S i j (q) (i, jϭm,c). With a nonlinear least-squares procedure, the two factors u i (q) were fitted to the data and the partial structure factors were reconstructed according to Eq. ͑4͒. The fitted intensities and the derived partial structure factors are given by the solid curves in Figs. 2 and 3 , respectively. Now, the statistical accuracy has improved and the partial structure factors agree with the results obtained from the model-free three-parameter fit. This agreement is particularly gratifying in the case of the cross term, which describes the density correlations between the DNA and the counterions and, hence, gives the double layer structure.
All of the data was analyzed with the two-parameter procedure and similar agreement was observed ͑data not shown͒. The DNA-DNA partial structure factor multiplied by momentum transfer is displayed in Fig. 4 . The DNAcounterion and the counterion-counterion partial structure factors are shown in Figs. 5 and 6, respectively. In the latter two figures, we have also included previously reported results pertaining to salt-free DNA with monovalent TMA ϩ counterions ͑but reanalyzed with the two-parameter procedure͒. 11, 13 For the sake of comparison, all structure factors are normalized to unity in the q→0 limit and in the absence of inter-DNA correlations. 21 Due to the accumulation of counterions around DNA, the DNA-counterion partial structure factor shows a minimum corresponding to a negative value of the structure factor at qϷ2 nm Ϫ1 . For the same reason, the counterion-counterion partial structure factor displays a singularity and secondary maximum at q Ϸ1.5 and 2 nm Ϫ1 , respectively. The positions of these features are very sensitive to the distance of closest approach between the counterion and the DNA ͑see below͒.
B. DNA structure
For Pu-DNA 2 and Na-DNA with added SpCl 3 , no high q plateau value in the qS mm versus q plot is observed in Fig.  4 . The finite DNA cross section is responsible for the absence of rodlike q Ϫ1 scaling, as has previously been observed in Na-DNA fragment solutions with excess KBr. 27 For q exceeding, say, 1 nm Ϫ1 , the structure factors approach the limiting form of the rigid rod form function Eq. ͑6͒, (i, jϭm) with the Hankel transform Eq. ͑8͒ of a steplike nucleotide profile. The fragments have weight average contour length Lϭ54 nm and, hence, flexibility effects on the form function are less than 4% for the lower bound qLϷ5 and become negligible as q is increased. 28 The optimized value of the DNA radius r p is 0.8 nm. A Gaussian radial profile gives an equally good fit ͑results not shown͒ and r p can be considered a cross-sectional radius of gyration. The value of r p agrees with the previously reported value for DNA with monovalent alkali counterions and is slightly smaller than the outer radius of 1 nm for a double helix in the B form. 27 This difference can be rationalized on the basis of the relatively open molecular structure and the existence of grooves. Multivalent polyamines have no detectable effect on the DNA cross-section and the z-axis-projected distance between nucleotides ͑0.171 nm͒.
In the low q region, the data deviate from the intrachain function due to inter-DNA correlations. For the salt free Pu-DNA 2 , a correlation peak at finite wavelengths is observed, which shifts to lower q values with decreasing DNA concentration according to L 1/2 . The peak position and its concentration scaling are similar to those reported for DNA fragment solutions with monovalent counterions. 27 In the case of Na-DNA with added SpCl 3 , the correlation peak is suppressed with a concurrent increase in intensity in the smaller q region. However, a complete discussion of the inter-DNA solution structure is beyond the scope of the present contribution ͑see Ref. 27 for a discussion of the DNA fragment solution structure in the presence of monovalent salt͒. Here, we will focus on the double layer structure, which is reflected in a direct manner by the DNA-counterion and counterion-counterion partial structure factors.
C. Double layer structure
The normalized DNA-counterion and counterioncounterion partial structure factors for mono-, di-, and trivalent (TMA ϩ , Pu 2ϩ , and Sp 3ϩ ) counterions are displayed in Figs. 5 and 6, respectively. With increasing counterion valence the double layer becomes more confined and, hence, both structure factors scale toward higher values of momentum transfer. As in the case of the DNA-DNA structure factor, the counterion involved partial structure factors exhibit a peak ͑for Pu-DNA 2 ) or suppression in the low q region ͑with excess SpCl 3 ) due to interference effects between double layers pertaining to different DNA molecules. For higher values of momentum transfer, these interference effects become progressively less important and the structure factors reflect the counterion organization around a single DNA molecule. Accordingly, in the corresponding q region the ͑normalized͒ structure factors obtained for the different nucleotide concentrations superpose and may be compared with the single-cell calculations.
The single-cell partial structure factors were calculated with the high q limiting form Eq. ͑6͒ and the radial counterion profiles based on the classical PB and MPB equations, and/or MC simulation ͑see in the case of monovalent counterions, and, from these results, it is hard to prefer one theoretical approach to another. Such behavior of monovalent counterions is of course well known in the double layer literature.
For lower values of the momentum transfer, the data deviate from the single-cell predictions and a complete analysis of the DNA interactions seems to be necessary. However, if the assumptions leading to Eq. ͑4͒ hold, low q interference effects can be eliminated in taking the ratio Eq. ͑7͒ of the DNA-counterion and DNA-DNA structure factor. Indeed, as observed in Fig. 7 , inter-DNA correlations are effectively cancelled and the data pertaining to two different nucleotide concentrations ͑0.05 and 0.1 M͒ coincide. Now, the comparison with the theoretical cell-model predictions can be extended to the low q region. In the case of Pu-DNA 2 , the PB prediction seems to be in better agreement with the data, but the difference with the MC or MPB results is of the order of the experimental reproducibility. In the case of trivalent Sp 3ϩ , the classical PB equation clearly underestimates the counterion confinement and the MC simulation or MPB approach is superior in predicting the structure factor. Especially for the polyamines in the higher q range (qϾ2.5 nm Ϫ1 ͒, the data deviate from the theoretical predictions. This can be attributed to the neglect of the internal counterion molecular structure in the calculation of the structure factors.
The distance of closest approach r c between the counterion center of mass and the DNA spine-axis agrees with the physical extent of the DNA molecule ͑with cross-sectional radius of gyration r p ϭ0.8 nm͒, hydration shell, and counterion size. For instance, in TMACl solutions with cation concentrations similar to those within the double layer, intermolecular correlations about TMA ϩ start rising at ϳ0.36 nm and peak at ϳ0.46 nm from the central nitrogen atom. 29 If the TMA ϩ counterion is drawn into close contact with the DNA phosphates with a concurrent displacement of hydration water, r c is expected to take a value around 1.45 nm. Of course, the polyamines are linear molecules, whereas in the calculations they have been modeled as charged hard spheres. The low resolution of the SANS experiment and the fact that the structure factors are averaged over DNA orientation do not warrant a more detailed description of the molecular structure. Accordingly, the distances of closest approach in Table I should be interpreted as averaged values over polyamine orientation and different DNA sites; e.g., polyamines near the grooves might be arranged differently than those near the phosphates. 5 For the polyamines, the optimized distances of closest approach are comparable to the TMA ϩ value, which shows that the polyamines also do not significantly penetrate the grooves nor come very close to the DNA surface.
D. Charge ordering
For simple salt free solutions, every charge carrier is associated with a DNA nucleotide or counterion. Accordingly, for the latter systems it is of interest to construct the charge-charge structure factor 30 
S zz
which describes the spatial fluctuations in charge density and is particularly sensitive to the ordering of the ions. 31 This factor displays a characteristic maximum at wavelengths of the order of the inverse double layer thickness. The charge structure factor should obey the Stillinger-Lovett sum rules. 32 In the q→0 limit the charge structure goes to zero because of overall charge neutrality. By expanding Eq. ͑9͒ up to the second power of q, one obtains the second moment of the charge density pair correlation, which is a definition of the screening length. For high q values, the charge structure factor decreases with increasing q, because the internal structure of the charge carriers is probed. With Eq. ͑4͒ the cell model expression of the charge structure factor reads
with the single-cell high q limiting form
The first term of the expansion of the radial terms is proportional to q 4 , whereas correlations between different cell volumes can be made arbitrarily small at high polyion dilution. Accordingly, it is necessary to include counterion fluctuations about the average profile if we wish to satisfy the sec- ond moment sum rule. 33 Furthermore, the charge structure factor is related to the static longitudinal dielectric function (q), which is a q-dependent generalization of the macroscopic dielectric constant. 3 For salt free TMA-DNA and Pu-DNA 2 solutions, the charge structure factor is displayed in Fig. 8 . The data approach zero in the long wavelength limit and show a maximum at finite values of momentum transfer. With increasing counterion valence, the maximum decreases and its position shifts to higher q values. This is related to the stronger charge confinement and the decrease in range over which the charges are allowed to fluctuate with increasing Coulomb coupling. The effect of DNA concentration is most clear in the case of TMA-DNA. Here, the charge structure factor shifts to lower values of momentum transfer and becomes oscillatory with decreasing concentration. With an increase in available volume, the screening decreases with a concurrent increase in charge ordering. The latter phenomenon occurs because the counterion concentration far away from the DNA can now drop to lower values. For the more diluted 0.05 M Pu-DNA, this oscillatory behavior is also observed, although less pronounced due to the stronger Coulomb interaction.
The single-cell calculation Eq. ͑11͒ with the radial counterion profile based on the classical PB equation is also displayed in Fig. 8 . Double layer theory predicts the ordering and the range over which the charges are allowed to fluctuate satisfactorily. Features such as the effect of counterion valence, DNA concentration, and the onset of oscillatory behavior are nicely reproduced. In particular for TMA-DNA, in the low q region deviations from the single-cell calculation are observed due to interference between double layers pertaining to different DNA molecules. Despite this interference effect, the data are close to the single-cell calculation and do not show a limiting q 2 behavior. With the profiles resulting from MC simulation, the theoretical predictions are similar (TMA ϩ ) or a little different within experimental reproducibility (Pu 2ϩ ).
V. CONCLUSIONS
With a view to describing the structural arrangement of condensing ligands near DNA, we have obtained the DNA-DNA, polyamine-polyamine, and DNA-polyamine partial structure factors. From the high q behavior of the DNA-DNA structure factor, it was observed that multivalent counterions have no detectable effect on the DNA local structure, i.e., the cross-sectional radius of gyration and the distance between nucleotides. The partial structure factors that involve the counterions are sensitive to the distance of closest approach of the counterion center of mass to the DNA spine axis. The optimized values for Pu 2ϩ and Sp 3ϩ are similar to the value for TMA ϩ and agree with the physical extent of the DNA molecule, hydration water, and counterion size. This shows that the polyamines do not significantly penetrate the grooves and/or come very close to the DNA surface. Any spatial inhomogeneity in dielectric permittivity close to DNA results in a scaling of the structure factors towards higher values of momentum transfer ͑due to stronger counterion confinement͒ and, hence, cannot compensate for the effect of a smaller distance of closest approach. 34 All the structure factors are sensitive to interference between double layers pertaining to different DNA molecules. In taking the ratio of the DNA-polyamine and the DNA-DNA structure factors, these interference effects are effectively cancelled and data collected from solutions with different nucleic acid concentrations superpose. This observation strongly supports our hypothesis concerning the neglect of correlation between fluctuations in inter-DNA separation and orientation and double layer structure. With increasing counterion valence, the ratio of the structure factors scales toward higher values of momentum transfer, in agreement with a stronger confinement due to increased Coulomb coupling. The data can be interpreted with radial counterion profiles derived from the PB and MPB theories or the MC simulation within a single-cell volume. For monovalent counterions, the various theoretical approaches yield similar results. In the case of Pu-DNA 2 , the PB prediction seems to be in better agreement, but the difference with the MPB or MC results is of the order of the experimental reproducibility. For trivalent Sp 3ϩ , ionic correlation effects are most pronounced and the MPB theory ͑or MC simulation͒ is superior in predicting the structure factors.
For simple salt free TMA-DNA and Pu-DNA 2 solutions, the charge structure factor is derived and interpreted with the single-cell predictions. The theory predicts the charge ordering and the range over which the charges are allowed to fluctuate satisfactorily. Features such as the effects of counterion valence and DNA concentration are nicely reproduced. With decreasing concentration the onset of oscillatory behavior is observed, which should reflect in the q dependent generalization of the dielectric constant. The data do not show a limiting q 2 behavior, which indicates that the contribution given by counterion fluctuations is small.
The structural arrangement of Pu 2ϩ and Sp 3ϩ can be fully rationalized in terms of their valence; the distances of closest approach are similar and comparable to the value for TMA ϩ . These ions are too large to penetrate the grooves to any significant extent. In the case of Sp 3ϩ it is necessary to include ionic correlation effects, but this could be accomplished by modeling the ligands as hard spheres. These results imply that DNA condensation in the presence of polyamines is largely governed by electrostatic interactions. This is in accordance with the observation that condensation is determined by the total charge neutralization of the DNA, rather than by the binding of the multivalent cation per se. 
APPENDIX: PARTIAL STRUCTURE FACTORS IN THE CELL MODEL
The rodlike polyion structure can be recognized in Eq. ͑3͒ by replacing the integral over r ជ in the total volume V into integrals relative to the center of mass of the rod and then sum over all rods. The identical rod carries the label l and its orientation and center of mass are denoted by ជ and l ជ , respectively. The position relative to the center of mass is r ជ l and r ជ ϭ l ជ ϩr ជ l . With these definitions, the structure factors take the form
and the integrals have to be done over r ជ l in the cell volume V cell . The brackets denote an average over rod orientation and inter-rod separation. The summation runs over all cell pairs ( l ជ l ជ Ј) and single cells ( l
For a uniform longitudinal monomer and counterion distribution the integral in the cell volume V cell can be factorized into two terms 11 1
Here, J 0 is the zero order Bessel function of the first kind and is related to the rod orientation according to the inproduct ϭq ជ -ជ . The first term on the right of Eq. ͑A2͒ depends on the length L, whereas the second term involves an integral of the radial density profile i (r). In the case of neutron radiation the condition qLӷ1 is often fulfilled and one essentially probes local structure about the polyion. In this situation, the first term is approximately zero unless ϭ0. Accordingly, to a good approximation, the rod orientation dependence of the second radial term can be neglected and takes the form
͑A3͒
If the radial density decays close to zero at the cell boundary, the upper integral limit may be replaced by infinity and Eq. ͑A3͒ reduces to a Hankel transform. The factorization of Eq. ͑A3͒ into a length L dependent term and a rod orientation independent radial term is particularly important in recognizing certain relations between the different partial structure factors. For DNA, the linear charge density is so high that most counterions are confined to the immediate vicinity of the polyion. The counterion concentration at the cell boundary is much lower than the average concentration and concentration fluctuations are expected to have little effect on the radial counterion density profile and/or its Hankel transform Eq. ͑A3͒. If the radial profiles are assumed invariant to fluctuations in inter-rod separation and orientation, Eq. ͑A1͒ can be expressed as a product of terms involving the profiles and a term describing the polymer structure ͑but for rods with vanishing cross section͒:
qЈL/2 ʹ .
͑A5͒
The summation runs over all rods ( l ជ ϭ l ជ Ј) and rod pairs 
͑A6͒
Here, the polymer structure reduces to the limiting form of the scattering function of a rigid rod with vanishing diameter. For strongly charged rods, there is no closed analytical expression available of the inter-rod structure, and, accordingly, the l ជ l ជ Ј contributions are difficult to evaluate.
